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SKEW COMPENSATION IN A PATTERNED
MEDIUM

SUMMARY

Various embodiments of the present disclosure are gener-
ally directed to providing skew compensation 1n a patterned
medium, such as but not limited to a self-assembling bit
patterned medium.

In some embodiments, the apparatus includes a transducer
and a rotatable substrate having a plurality of rows of spaced

il

apart data recording dots, each row of dots angularly offset
from an adjacent row responsive to a skew angle of the trans-
ducer and arranged 1nto concentric zones, each zone having a
timing field segment which extends across the zone and 1s
angularly discontinuous with the timing field segment of an
immediately adjacent zone.

In further embodiments, the apparatus has an actuator
assembly rotatable about a mechanical p1vot point. The actua-
tor has an actuator arm which supports a transducer with
respective read and write elements. The transducer 1s rota-
tionally offset by a twist angle relative to a longitudinal cen-
terline of the actuator arm, with the longitudinal centerline
passing through the mechanical pivot point. The twist angle
defines a virtual stroke path about a virtual pivot point. A
rotatable patterned medium 1s provided adjacent the actuator
assembly and has a plurality of hypertracks arranged into
concentric zones. Each hypertrack is formed from at least two
immediately adjacent rows of spaced apart data recording
dots. Each row of dots 1s angularly offset from an immedi-
ately adjacent row of dots by an amount determined 1n rela-
tion to the twist angle of the transducer and a skew angle of the
transducer.

In further embodiments, the apparatus comprises a bit pat-
terned medium having rows of spaced apart data recording,
dots angularly offset from immediately adjacent rows. The
rows of dots are arranged 1nto hypertracks each having at least
two rows of dots. The hypertracks 1n turn are arranged into
concentric zones, with each zone having an arcuate timing
field segment to provide timing information for writing data
to and reading data from the data recording dots. The timing
field segments are angularly discontinuous at zone bound-
aries and arranged to nominally follow a mechanical stroke
path of an adjacent transducer.

These and other features and aspects which characterize
various embodiments of the present invention can be under-
stood 1 view of the following detailed discussion and the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides 1s a functional block representation of a
data storage and recovery system which operates 1n accor-
dance with various embodiments of the present disclosure.

FIGS. 2A-2B depict a self-assembling bit patterned
medium (BPM) that can be used 1n the system of FIG. 1 in
accordance with some embodiments.

FIG. 3 depicts data fields and timing (e.g., interspersed
phase lock loop, or IPLL) fields on a storage medium and an
example read signal obtained therefrom.

FIGS. 4A-4B depict a hypertrack from FIG. 3 with differ-
ent amounts of skew applied to a read element of the trans-
ducer of FIG. 1.

FI1G. 5 depicts a storage medium arrangement with shifted
rows of data recording dots to compensate for skew as 1n FIG.
4B 1n accordance with some embodiments.
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FIG. 6 shows an actuator assembly supporting a transducer
adjacent a storage medium 1n accordance with some embodi-

ments.

FIG. 7 illustrates a twist angle applied to the transducer 1n
FIG. 6.

FI1G. 8 1s a graphical representation of skew versus actuator
arm length both with and without the application of a twist
angle to the transducer of FIGS. 6-7.

FIG. 9 1s a transducer to which a twist angle has been
applied 1n accordance with some embodiments.

FIG. 10 depicts respective mechanical and virtual stroke
paths and associated pivots for the transducer from FI1G. 9.

FIG. 11 shows tracks at different locations on the medium
of FIG. 10.

FIG. 12 shows a dot pattern for data fields and a timing field
for another medium 1n accordance with various embodi-
ments.

FIG. 13 illustrates a potential collision between timing
fields of FIG. 12 and servo fields that extend along a mechani-
cal stroke path.

FIGS. 14A-14B depict another storage medium with zone-
based, discontinuous timing (e.g., IPLL) fields in accordance
with some embodiments.

FIG. 15 shows various fields from FIGS. 14A-14B 1n
greater detail.

FIGS. 16 A-16C depict yet another storage medium having
discontinuous timing fields in accordance with various
embodiments.

DETAILED DESCRIPTION

Digital data may be stored and retrieved 1n a variety of
ways. A patterned medium (also “bit patterned medium™ or
“BPM”) 1s a type of rotatable data storage memory that uses
a sequence ol magnetic regions surrounded by non-magnetic
material. The magnetic regions, sometimes referred to as
“bits,” “bit 1slands™ or “data recording dots,” store data in the
form of recorded magnetic domains.

The magnetization of the dots can be established by a write
clement which applies a synchronized magnetic field of vari-
able direction to the dots as the dots pass adjacent the element.
The stored data can be subsequently recovered using a read
sensor to sense the magnetization pattern of the dots as the
dots pass adjacent the sensor, and a data recovery channel
which decodes the originally written data sequence from a
readback signal output by the read sensor.

In some forms of patterned media, data are written 1n the
form of tracks on a rotatable disc surface, with each track
comprising a circumierentially extending sequence of dots at
a grven radius. Non-magnetic material surrounds each dot to
magnetically 1solate the dot and enable the dot to retain a
written magnetic orientation. While the dots are often circular
in shape, other shapes can be used including elongated, rec-
tilinear, cylindrical, efc.

Each track may be formed of two or more subtracks (e.g.
rows) of dots. The dots 1n the subtracks may be staggered or
angularly aligned. In some cases, a track having multiple
rows of data recording dots may be referred to as a “hyper-
track.”” When two subtracks of dots are provided in each
hypertrack, 1t 1s common to refer to one of the subtracks as an
“even’” subtrack or row, and to refer to the other one of the
subtracks as an “odd” subtrack or row.

A rotatable transducer may be used to respectively position
the read and write elements adjacent the respective hyper-
tracks. Because the transducer follows a mechanical arc of
motion (mechanical stroke path), the transducer may be
skewed with respect to the media at different radial locations
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of the medium. This can result in non-uniform presentation of
the dots to the write element and the read sensor.

Accordingly, various embodiments of the present disclo-
sure are generally directed to storing data using patterned
media with hypertracks while addressing these and other
limitations of the related art. As explained below, at least
some of the various embodiments disclosed herein have been
developed based on the following findings and analysis by the
inventors.

First, 1n order to have nominally uniform even/odd bit
intervals, the two staggered rows of dots that comprise a
hypertrack should generally be patterned with a downtrack
olfset relative to each other that compensates for the skew of
the reader at that track position. At the same time, methods of
BPM seli-assembly limit how much a hypertrack pattern can
deviate from a pure hexagonal (or other) geometry, and thus
limi1t the amount of reader skew that can be compensated by
downtrack offset within the rows of a hypertrack.

Keeping the skew within these patternable limits has been
found to require a mechanical configuration where the actua-
tor 1s lengthened to reduce the range of skew. Lengthening the
actuator reduces the range of skew, but can tend to bias the
range 1n one direction. An angular offset (“twist” as used
herein) 1n the axis of the reader and writer elements can be
used to compensate for this bias, resulting 1n substantially
symmetry (close to zero degrees of skew) across the actuator
stroke path. Finally, constraints of the BPM self-assembly
process generally result 1n adjacent rows of adjacent hyper-
tracks having the same relative downtrack offset as rows
within a hypertrack.

Disclosed embodiments take into account the combined
elfects of each of the foregoing points by providing a pattern
where corresponding bits of adjacent tracks are placed along,
a “virtual arc” (also “virtual stroke™) having a different center
than the center of the arc that defines the stroke of mechanical
movement of the head (the so called “mechanical arc” or
“mechanical stroke™). This center can be placed at the inter-
section of normals to line segments drawn across correspond-
ing bit positions of the two rows of a hypertrack.

Radially coherent servo fields used to provide servo posi-
tioming information are nominally aligned along the mechani-
cal stroke of the actuator. Radially coherent timing fields
(e.g., “1PLL” or “interspersed phase lock loop™ fields) that
provide timing information to the system during writing and
reading operations also extend across the medium, but gen-
crally need to be phase-coherent to the data dots 1n the hyper-
tracks, and thus are generally aligned along the virtual stroke
ol the actuator.

For various operational reasons, including avoiding colli-
sions between servo fields and 1PPL fields, at a macro level the
servo and 1PPL timing fields generally follow the same arc
path, which conflicts with the respective requirements of
aligning the servo data to the mechanical stroke and aligning
the timing fields to the virtual stroke.

Accordingly, as set forth herein, 1n at least some embodi-
ments the servo fields are arranged on the medium so as to be
aligned with the mechanical stroke of the actuator. The hyper-
tracks are arranged into a plurality of concentric zones of
tracks, and within each zone, the timing fields are arranged
along arcs having the same radius and center as the virtual
arcs that define the cross-track alignment of skew-compen-
sated hypertracks.

The collection of individual zone-width segments of the
timing fields in each zone thus generally follow an arc parallel
to the arc of mechanical stroke. In other words, various
embodiments provide a timing field format that provides a
“stair-case” arrangement of disjoint timing field arc seg-
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ments, each timing field arc segment having a larger radius
defined by the virtual pivot point, and the timing field arc
segments aligned to follow the smaller radius of the mechani-
cal pivot.

This arrangement generally operates to preserve phase-
coherence of the timing (e.g., 1PPL) fields to the skew com-
pensated data patterns within a zone, prevents collisions
between the servo data and the timing fields, preserves a
suificiently-constant delay from the servo fields to the timing
fields, and provides timing fields that are disjoint at zone
boundaries. However, having disjoint timing fields at zone
boundaries does not significantly affect system performance
if different constant write/read frequencies are used in each
zone per conventional zone based recording (ZBR) tech-
niques.

Accordingly, the various embodiments presented herein
provide a rotatable substrate having a plurality of rows of
spaced apart data recording dots to form hypertracks arranged
into concentric zones. A transducer 1s provided adjacent the
substrate with respective write and read elements. In at least
some o the zones, each row of dots 1s offset from an adjacent
row 1nresponse to an angle of the transducer when positioned
over that row.

In some embodiments, spaced-apart servo patterns extend
nearly radially across the substrate and are arranged to follow
a mechanical stroke of the transducer established by a pivot
point about which the transducer rotates. Each of the zones of
hypertracks has at least one data timing field that spans the
associated zone and 1s discontinuous with the timing fields 1n
adjacent zones. The timing fields are phase coherent with the
rows ol dots and are substantially aligned with the servo
patterns.

In further embodiments, the substrate 1s a self-assembling
bit patterned medium (BPM) 1n which a copolymer or other
self-assembly material forms individual dots using an array of
alignment features written to the substrate.

In this way, the timing fields within each zone are formatted
along arc segments having a center at a virtual pivot different
than the mechanical pivot, and having a radius larger than the
mechanical pivot-to-gap length. The arc segments that com-
prise the timing fields that are continuous within a zone are
discontinuous with the arc segments of timing fields of adja-
cent zones. The ensemble of these discontiguous 1individual
arc segments form a piecewise arc having a center at the
mechanical pivot.

These and other features of various embodiments can be
understood beginming with a review of FIG. 1 which provides
a Tfunctional block representation of a data storage and recov-
ery system 100 in accordance with some embodiments. For
purposes of providing a concrete example, the system 100 1s
contemplated as forming a portion of a data storage device
that employs a patterned medium to store and retrieve user
data.

The system 100 includes a patterned medium 102 which 1s
rotated at a selected rotational velocity by a spindle motor
(not shown). A transducer 104 1s controllably positioned adja-
cent the medium 102 using a closed loop servo system (not
separately shown). The transducer 104 includes a write ele-
ment 106 adapted to write data to tracks defined on the
medium 102, and a read element (sensor) 108 adapted to
subsequently generate areadback signal as the transducer 104
passes adjacent the tracks.

The system 100 further includes a preamplifier/driver
(preamp) 110, a read/write (R/W) channel 112 and a data
buifer 114. Other elements may be included as well but are
omitted from the figure such as a top level controller, a closed
loop servo control system, etc.
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During a write operation, user data received from a host are
temporarily stored in the buffer 114, encoded and serialized
by the channel 112, and passed to the preamp 110. The
preamp applies time-varying write currents to the write ele-
ment 106 to write a corresponding bit sequence to the medium
102.

During a subsequent read operation, the read element 108
transduces a read signal from the magnetization pattern of the
bit sequence. The preamp 110 conditions the readback signal
by applying signal normalization and amplification, and the
channel 112 applies decoding to recover the originally stored
user data. The recovered user data are temporarily stored in
the buffer 114 pending transier to the host.

FIGS. 2A-2B provide an example format for amedium 120
useful 1n the system 100 of FIG. 1. The medium 120 1s
characterized as a selif-assembled bit pattern medium. FIG.
2 A shows an array of alignment features 122 1n a spaced apart
relation on a substrate of the medium 120. The alignment
features 122 are written using a suitable lithographic process.
The alignment feature pattern may be hexagonal or some
other arrangement.

A layer of self-assembling material 1s applied to the sub-
strate. An activation process that supplies energy to the sub-
strate through the application of heat and/or a chemaical treat-
ment causes the material to self-assemble 1to a series of
spaced apart data recording dots 124, as depicted in FIG. 2B.
The alignment features 122 guide the final alignment of the
data recording dots 124. The self-assembling material can
take a variety of forms, such as a copolymer with components
that are respectively chemically attracted to/repelled by the
alignment features. The dots 124 can take a variety of geo-
metric shapes such as spheres, cylinders, etc.

The dots 124 are formed on top of each of the alignment
teatures 122, as well as between adjacent pairs of the features
122. The dots 124 may be larger than, smaller than or nomi-
nally the same size as the alignment features 122. The dots
124 may take the same shape as, or a different shape from, the
alignment features 122. While only a single dot 124 1s shown
between each adjacent pair of features 122, multiple dots can
be formed between adjacent features. In some cases, from two
(2) to ten (10) dots or more are formed between adjacent
alignment features depending upon a number of factors such
as the arrangement of the features, the composition of the
self-assembling material, etc.

The dots 124 comprise localized regions of magnetizable
material suitable for the storage of data. A contiguous layer of
non-magnetic material 125 surrounds the dots 124 to mag-
netically 1solate the individual dots. The dots 124 are gener-
ally arranged into circumierentially extending, concentric
rows 126. In some embodiments, each pair of rows 126 forms
a track (hypertrack) 128. Any number of rows can be used to
form tracks. Hypertracks made up of two rows will be under-
stood as including an “even” row and an “odd” row of dots. It
will be understood that the self-assembly process can be
applied directly to each recording medium, or can be applied
to a template which 1s then transierred to individual recording
media.

At this point 1t will be noted that arcs of concentric circular
tracks, when viewed at a scale where the field of view 1s very
small compared to the radii of the arcs, resemble parallel
lines. Correspondingly, the figures presented herein depicting
features at such scale are drawn with the recording dots of
adjacent tracks along parallel lines, and to simplify descrip-
tions, the text herein refer to “rows” of dots, which, 1n reality,
are actually concentric arc segments.

FI1G. 3 1llustrates a portion of a medium 130 1n accordance
with further embodiments. The medium 130 may be a seli-

10

15

20

25

30

35

40

45

50

55

60

65

6

assembled bit patterned medium as in FIGS. 2A-2B, although
such 1s not necessarily required. The medium 130 includes a
number of data recording dots 132 arranged into rows 134,
with each adjacent pair of rows 134 forming a track 136.
The tracks 136 are arranged as a series of data fields 138
interspersed with timing fields 140, such as interspersed

phase lock loop (IPPL) fields. The timing fields 140 are
inserted along the lengths of the tracks 136 at regular inter-
vals. The number of timing fields 140 per track can vary, such
as from a few fields per track to several hundred or more fields
per track. In some cases, the number of timing fields 140 may

be a multiple of the number of embedded servo data fields
(not shown 1n FIG. 3).

As shown by an example read signal 142 in FIG. 3, the
timing fields 140 provide an oscillating pattern with regularly
occurring pulses 144 to enable the system 100 to lock onto the
individual dots 132 and facilitate recovery of the stored data
in the data fields 138, as represented by data readback por-
tions 146 in the read signal 142. Both the IPPL pattern and
corresponding signal can take any number of forms. The
regular occurrence of the timing ficlds 140 allow the system
100 (FIG. 1) to maintain temporal synchronicity with the
individual dots 132 along the track 136.

FIGS. 4A and 4B show another medium 150 simailar to the
media discussed above. A single track 1s represented at 152,
although 1t will be appreciated that numerous additional
tracks are provided adjacent the depicted track. The track 152
1s formed from a first subtrack 154 and a second subtrack 156.
The respective subtracks 154 and 156 are respectively
denoted as an “even” subtrack and an “odd” subtrack, and are
cach made up of rows of spaced apart dots 158. The dots 158
are evenly spaced so that each dot 1n the odd subtrack 154 1s
located between two adjacent dots 1n the even subtrack 156,
and vice versa. While not limiting, individual bits 1n an mnput
write sequence are written to individual dots so that the writ-
ten sequence alternates between the odd subtracks 154 and
even subtracks 156.

A transducer 160 1s hydrodynamically supported adjacent
the rotating medium 150. The transducer 160 has a read
sensor width (represented by the cross-hatched rectangular
area depicted 1n the figure) that 1s suificient to nominally
detect the magnetization of both subtracks 154 and 156. Inthe
centered and non-skewed arrangement of FIG. 4A, readback
pulses will be alternatively detected as each dot 158 passes
adjacent the read transducer 160 1n turn.

FIG. 4B illustrates the same pattern of dots as 1n FIG. 4B,
but presents a skewed relationship between the transducer
160 and the track 1352. The skew arises from a variety of
factors including the use of a rotary actuator that presents the
sensing element of the read transducer 160 at different respec-
tive angles relative to the tracks. As used herein, the term skew
will be understood as a deviation angle o of the transducer
away from an orientation that 1s perpendicular to the circum-
terential direction of the track.

It can be seen that the transducer 160 1n FIG. 4A has
nominally no skew (¢=0°), and the transducer 160 1n F1G. 4B
has some amount of positive skew (e.g., =15°). In practice,
the amount of skew may be related to radial position so that
tracks 1n a middle portion of the medium 150 have nominally
no skew, tracks near the inermost diameter (ID) have some
amount of positive skew, and tracks near the outermost diam-
cter (OD) have some amount ol negative skew. Non-zero
skew tends to introduce heightened levels of intersymbol
interference (ISI) as well as other deleterious etlfects due to
the non-uniform presentation of the dots 158 to the trans-
ducer.
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FIG. S illustrates yet another medium 170 formed 1n accor-
dance with some embodiments. The medium 170 1s charac-
terized as a self-assembling bit patterned medium (BPM),
although such 1s merely exemplary and not limiting. The
medium 170 includes alignment features 172 which direct the
formation of individual data recording dots 174 along rows
176. The pattern of alignment features 172 provides two (2)
dots 174 between each pair of alignment features. As belore,
different feature arrangements and dot distributions may be
used. Multiple rows 176 of the dots 174 may be combined to
torm tracks (not separately denoted).

Skew compensation 1s applied to the pattern in FIG. 3 by
shifting each row 176 of the dots 174 with respect to the
immediately preceding row. In the case of self-assembling
media, this can be carried out by providing an offset arrange-
ment within the alignment features 172 which direct the
arrangement of oifset rows of dots as depicted 1n FIG. 5. For
a subgroup of dots labeled A-E, it can be seen that while the
distance A-E 1s not exactly the same as distance BD, the
intermediary dot C will tend to be equidistant from the sur-
rounding dots A through D. Thus, introducing offsets to the
alignment feature pattern can introduce corresponding oifsets
into the rows of dots. For other forms of patterned media, such
as printed media, the lithographic or other processing used to
form the media can introduce the desired amounts of offset
directly to the media.

FIG. 5 further shows a read transducer 180 similar to the
transducer 160 in FIGS. 4A-4B. Movement of the medium
170 relative to the transducer 180 1s depicted by arrow 182.
The transducer 180 has a selected amount of skew as a result
of the rotational path taken by the transducer relative to the
medium 170. The depicted amount of skew by the transducer
180 1s on the order of about +10 degrees (e.g., a=10°),
although other amounts of skew, including negative skew, can
be compensated by this technique.

The rows 176 have been shifted along the direction of the
tracks 1n an amount to nominally correspond to the amount of
skew 1n the transducer 180. This allows the respective rows of
dots 172 to reach the transducer in a uniform time sequence
manner, as 1n FIG. 4A. Although the odd subtrack dots 1n a
given track are not physically centered with respect to the
even subtrack dots, the dots will nevertheless be presented to
the transducer 180 at a uniform rate. Rows 176 at different
radial locations on the medium 170 can be shifted by different
amounts to account for changes 1n the amount of skew 1n the
transducer 180. For example, 11 the dots 172 1n FIG. 5 are
located near the outermost diameter (OD) of the medium 170,
similar amounts of shufting in the opposite direction may be
applied for rows of dots near the innermost diameter (ID) of
the medium.

FI1G. 6 depicts another rotatable medium 200 1n accordance
with some embodiments. The medium 200 1s a patterned
medium similar to the media discussed above, and 1s config-
ured to rotate about a central axis 202 using a spindle motor
(not shown). The medium 200 1s bounded by a circumieren-
tially extending inner sidewall 204 adjacent the ID of the
medium, and a circumierentially extending outer sidewall
206 adjacent the OD of the medium.

A rotatable actuator 210 1s positioned adjacent the medium
200. The actuator 210 has a main body portion 212 that pivots
about a mechanical pivot point 214. An actuator arm 216
extends from the main body portion 212 toward the medium
200, and a voice coil 218 1s supported by the main body
portion 212 opposite the actuator arm 216. The actuator arm
216 (which may include both rigid and tlexure sections) ter-
minates at a transducer 220 having associated read and write
clements (not separately shown).
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Two primary distances are denoted 1n FIG. 6. The distance
PVT2CTR (*“pivot to center”) denotes the overall distance
from the rotational center 202 of the medium 200 to the center
of the actuator pivot point 214. The distance PVT2GAP
(“p1vot to gap”) denotes the overall distance from the center
ol the actuator pivot point 214 to the read and write elements
of the transducer 220.

FIG. 6 further shows a mechanical stroke path 222 of the
transducer 220. The mechanical stroke path 1s a curvilinear
path along which the read and write elements of the trans-
ducer 220 are nominally directed during rotation of the actua-
tor 210 about the pivot point 214. The path 222 can be a
midpoint of the transducer 220 between the respective read
and write elements, or can represent the path of a selected one
of the elements (e.g., the read sensor).

FIG. 7 provides an enlarged view of the actuator 210 from
FIG. 6. A twist angle [3 1s applied to the transducer 220 so that
the transducer 1s canted (rotated) with respect to the actuator
arm 216. The twist angle [3 1s provided between a centerline
224 of the transducer and a centerline 226 of the actuator arm
216. While not necessarily required, the application of a twist
angle to the transducer (slider) can decrease the amount of
skew across the radius of the medium, as explained below.
While any number of suitable twist angles can be applied, the
example twist angle 1 FIG. 7 1s on the order of about 20
degrees (e.g., =20°.

FIG. 8 graphically illustrates the skew angle ¢. that can be
achieved for various actuators using different actuator arm
lengths (e.g., PVI2GAP distances) and twist angles 3 for a
mechanical configuration with PVT2CNTR of about 1.5
inches, 1inner radius of about 0.56 inches and outer radius of
about 1.2 inches. A first set of curves 230, 240 depict a {first
actuator 1n which the centerline of the transducer nominally
aligns with the centerline of the actuator arm (e.g., a twist
angle p=0°). Curve 230 represents the skew experienced adja-
cent the ID of the adjacent medium, and curve 240 1s the skew
experienced adjacent the OD of the medium.

For shorter actuator arm lengths, the skew a for the first
actuator 1s somewhat centered about 0 degrees. Using a
PVT2GAP of about 1.25 inches, the skew at the ID 1s about
+16 degrees (=16°), the skew at the OD 1s about —14 degrees
(0=—14°), and the skew 1n the middle of the medium 1s
nominally O degrees (a=0°).

Lengthening the actuator arm of the first actuator reduces
e overall range of skew from ID to OD, but also shifts all of
ne skew 1n the negative direction. For example, FI1G. 8 shows
that increasing the actuator arm length PVT2GAP to about
1.5 inches provides a skew at the ID of about -9 degrees
(0=-=9°, askew atthe OD of about -23 degrees (0=-23°), and
a skew 1n the middle of the medium of around -16 degrees
(0=-=16°)

Curves 250 and 260 correspond to a second actuator to
which a non-zero twist angle has been applied, such as in FIG.
7. Curve 250 corresponds to skew at the ID and curve 260
corresponds to skew at the OD. The twist angle enables the
actuator arm to be lengthened without shifting the overall
skew range. For example, a shorter arm length PVT2GAP of
about 1.25 inches provides skew of about +15 degrees
(0=15°) adjacent the 1D, about —15 degrees (a=-15°) adja-
cent the OD, and about O degrees (¢=0°) for a midpoint
between the ID and the OD. A longer arm length PVIT2GAP
of about 1.65 inches provides skews of about x4 degrees
(0=x4°) at the respective ID and OD, and zero skew (0=0°) at
midpoint locations of the media.

The application of the transducer twist angle can thus sig-
nificantly reduce the amount of skew along the mechanical
stroke path 222. The twist angle 3 applied to the transducer

t
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220 1n this exemplary configuration 1s about 22.4 degrees
(p=22.4°). These respective values are merely exemplary, as
different values may be used for different applications and
environments.

While the introduction of twist to the transducer tends to
reduce mechanical skew, it also tends to introduce virtual
skew 1nto the system. FIG. 9 1s a simplified non-scaled rep-
resentation of a transducer 270 to which a twist angle 5 of
about 20 degrees (p=20°) has been applied with respect to an
actuator arm longitudinal centerline (dotted line 272). It will
be noted that the longitudinal centerline passes through a
rotational pivot point of the actuator arm, and the twist angle
generally corresponds to the rotational offset between the
longitudinal centerline of the actuator arm and the longitudi-
nal centerline (line 273) of the transducer 270.

The transducer 270 has a slider 274 which supports a write
clement 276 and a read sensor 278 adjacent a trailing edge of
the slider. Line 280 represents the mechanical stroke path of
the transducer 270 as the transducer 1s rotated about the pivot
point at the opposite end of the actuator arm centerline. Line
282 represents a virtual stroke path of the transducer.

FI1G. 10 shows a rotatable medium 290 1n conjunction with
the mechanical and virtual stroke paths 280, 282 of F1G. 9. A
mechanical pivot point 292 represents the center of the actua-
tor pivot about which the transducer 270 (FIG. 9) rotates to
tollow the mechanical stroke path 280. A virtual pivot point
294 represents the center of a virtual pivot for the actuator that
would cause the write element 276 and read sensor 278 to
move along the virtual pivot path 282. For clarity, the
mechanical pivot 292 represents the actual pivot point of the
actuator and corresponds to the pivot point 214 discussed
above 1n FIG. 6. The virtual pivot 294 1s not an actual pivot,
but rather 1s a conceptual pivot induced by the twist angle [
applied to the slider 274 (FI1G. 9).

FI1G. 11 shows portions of the medium 290 1n conjunction
with the mechanical and virtual stroke paths 280, 282. The
medium 290 has a number of tracks 295 made up of rows
(even and odd subtracks) 296, 297 of spaced-apart dots 298.
The mnner, middle and outer tracks depicted 1n FIG. 11 are
located adjacent the ID, the OD and the middle portion of the
medium 200, respectively.

The mechanical stroke path 280 provides an actual skew of
about £4 degrees (a=x4°) from 1D to OD with respect to the
transducer. The virtual stroke path 282 provides a corre-
sponding virtual skew of the write element 276 and read
sensor 278 (F1G. 11) across the same radial extent. The sub-
tracks 296, 297 in each track 295 are respectively olffset as
required to nominally match the virtual stroke path 282. In
this way, the write element 276 and read sensor 278 will pass
adjacent the various tracks 295 1n such a way that the dots 298
in the respective even and odd subtracks 296, 297 will be
uniformly presented to the respective write element and read
SEeNnsor.

It will be recalled that interspersed timing fields (e.g., IPPL
fields as 1n FIG. 3) are used to establish the clock phase
necessary for media-synchronous writing and reading. For
this reason, the IPPL fields may be arranged to generally have
a fixed phase relative to the surrounding data fields. For
middle portions of a medium to which essentially no shifting
of the rows of dots has been applied, the timing fields and
associated data fields will normally be configured as shown 1n
FIG. 3. However, for portions of the medium adjacent the 1D
or the OD where shifting has been applied to the respective
rows of dots, the timing fields will be shifted as well. This can
potentially result 1n sensitivity to cross-track position infor-
mation provided by servo data, which are usually written
along the mechanical stroke path.
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To 1llustrate this, FIG. 12 depicts a portion of another
patterned medium 300 having dots 302 arranged into shifted
rows 304. Pairs of rows 304 form tracks 306, as before. A
timing field (IPPL field) 1s depicted at 308, and data fields are
depicted at 310. The timing field 308 1s phase coherent with
the data fields 310, and both are generally aligned along a
virtual stroke path 312.

FIG. 13 shows the timing fields 308 and data fields 310 of
the medium 300 of FIG. 12 1n conjunction with spaced apart
servo lields 314. The servo fields 314 are generally aligned
with the mechanical stroke path of the transducer. Because
the respective fields 308, 314 follow arcs having different
centers, 1t 1s possible for pairs of these fields to “collide™ at
certain angular locations on the medium 300, as generally
shown 1 FIG. 13. Even 1t such collisions were avoided
through relocation of the timing fields 308, non-uniform
phase delays would still exist between the servo fields 312
and the timing ficlds 308 (and data fields 310).

Accordingly, FIG. 14 A depicts another patterned medium
320 in accordance with some embodiments. FIG. 14B shows
portions of FIG. 14 A 1n greater detail. The medium 320 has a
plurality of tracks arranged into concentric zones 322. The
tracks are hypertracks formed of rows of dots offset as dis-
cussed above to account for transducer skew. The number of
tracks 1n each zone can vary, and all of the tracks in each zone
are written at a different selected frequency.

A servo wedge 324 1s made up of adjacent servo fields that
extend across the radial extent of the medium 320. As dis-
cussed above, the servo fields provide positioning informa-
tion for use by the servo control circuit of the associated data
storage device. A plurality of timing field segments are
denoted at 326 to provide timing information during read and
write operations, as previously noted. The timing fields 326
are discontinuous from one zone 322 to the next. The actual
amount of deviation between the timing field segments 326
and the mechanical stroke path 324 will vary and this devia-
tion has been exaggerated somewhat in FIGS. 14A-14B for
clarity of 1llustration.

The servo wedge 324 1s nominally aligned with the
mechanical stroke path of the system, which 1s defined by
rotation of the actuator (not shown) at the center of a mechani-
cal pivot point 328. For reference, broken lines 330A-330B
define the radial extents of the mechanical stroke path. Each
of the timing field segments 326 1s similarly aligned with the
virtual stroke path within each zone 322, which 1s defined via
virtual rotation about the center of a virtual pivot point 332.
Broken lines 334 A-334B define the radial extents of the vir-
tual stroke path.

The actual number and spacing of the timing field segments
can vary. In some cases, a different total number of timing
fields 1s provided in each zone. The timing field segments 326
take a general form such as discussed above 1n FI1G. 12 and are
nominally aligned along the virtual stroke path 1n each zone
322.

FIG. 15 1s a schematic representation of a portion of the
medium 320 of FIGS. 14A-14B for a selected zone 322 (Zone
N). A radially extending servo data wedge (pattern) 324
extends across the medium 320 and generally follows the
mechanical stroke path of the actuator. A timing field (IPPL)
326 extends proximate the servo data pattern 324 and gener-
ally follows the virtual stroke path. It will be noted that both
ficlds 324, 326 are shown in rectilinear fashion for stmplicity
of 1llustration. User data fields 336 are provided along the
zones 322 in the areas between the timing field segments 326
and the servo data patterns 324.

The timing field segments 326 within each zone are made
up of anumber of radially aligned timing fields, or data timing
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patterns 338. The servo data pattern 324 1s similarly made up
of a number of radially aligned servo fields such as a servo
(sync) timing pattern 340, an index (angular position) field
342, a Gray code (track address) field 344 and servo bursts (A,
B, C, D) ficlds 346.

The respective distances along the tracks from the timing
fields to the servo data fields will be substantially constant 1n
cach zone, although this distance may vary from one zone to
the next. Generally, however, the arcuate timing field seg-
ments 326 are nominally aligned with the virtual stroke path
of the actuator, are angularly discontinuous (e.g., radially
continuous and angularly ofiset) at zone boundaries, and are
arranged 1n a general “stair step” manner to nominally follow
the servo wedge 324 which 1n turn follows the mechanical
stroke path of the actuator. In this way, each of the conflicting
design criteria identified by the inventors as discussed above
can be met.

FIGS. 16 A-16C represent another patterned medium 400
formatted in accordance with various embodiments to gener-
ally summarize the foregoing discussion. It will be under-
stood that the medium 400 1s incorporated 1nto a data storage
device such as 100 in FIG. 1. The storage device includes an
actuator that supports a transducer having read and write
clements and which follows a mechanical stroke path across
the medium. A suitable twist angle 1s applied to the transducer
to further define a virtual stroke path across the medium.

FIG. 16 A generally represents a set of adjacent tracks 402
in a first zone adjacent the mnermost diameter (ID) of the
medium 400. FIG. 16B provides an additional set of the tracks
402 1n a second zone near a middle portion of the medium
400. FIG. 16C provides yet another set of the tracks 402 1n a
third zone adjacent the outermost diameter (OD) of the
medium 400. Any number of additional zones can be pro-
vided across the radial width of the medium.

Each of the various tracks 402 includes a number of user
data fields 404, a timing pattern 406 and a servo pattern 408.
Collectively, the timing patterns 406 1n each zone form a
timing (e.g., IPPL) field that spans the associated zone and 1s
discontinuous with timing fields 1 1mmediately adjacent
zones. Similarly, the servo patterns 408 along each track
collectively form a portion of a servo field (wedge) that spans
the entire medium radius from OD to ID and follows the
mechanical stroke path of the adjacent transducer.

Each track 402 1s a hypertrack having two (2) rows of data
recording dots 410. In the user data ficlds 404 of F1G. 16 A, an
offset 1s applied 1n a first direction (to the right in FIG. 16 A)
to each row to account for a selected positive skew (a=+0) of
a read element 412. A similar offset 1s applied to the timing
patterns 406 to maintain phase coherence with the data fields
404. It will be noted that the timing field 1s nominally parallel
with the servo field and therefore nominally follows the
mechanical stroke path of the transducer.

The middle tracks 402 1n FIG. 16B are subjected to effec-
tively little or no skew from the transducer 412. Accordingly,
no row offset 1s applied to the recording dots 410 1n the user
data fields 404 and the timing patterns 406. As before, the
timing field (group of timing patterns 406) 1s nominally par-
allel with the servo wedge (group of servo patterns 408).

The tracks 402 adjacent the outermost diameter (OD) in
FIG. 16C are offset 1n a second direction (to the left in FIG.
16C) to account for a selected negative skew (a=-0) 1n the
read element 412. As belore, the offset 1s applied to the user
data fields 404 and the timing patterns 406. Arranging the
medium 400 1n this way generally maintains phase coherence
between the timing fields and user data in each zone.

It 1s to be understood that even though numerous charac-
teristics and advantages of various embodiments of the
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present disclosure have been set forth in the foregoing
description, together with details of the structure and function
of various embodiments, this detailed description 1s 1llustra-
tive only, and changes may be made 1n detail, especially 1n
matters of structure and arrangements ol parts within the
principles of the present disclosure to the full extent indicated
by the broad general meaning of the terms wherein the
appended claims are expressed.

What 1s claimed 1s:

1. An apparatus comprising a transducer and a rotatable
substrate having a plurality of hypertracks each comprising,
multiple offset rows of spaced apart data recording dots, each
hypertrack angularly offset along a downtrack direction from
an adjacent hypertrack responsive to a skew angle of the
transducer and arranged into concentric zones, a first data
recording dot of a first hypertrack row not being physically
centered between data recording dots of second and third
hypertrack rows, each zone having a timing field segment
which extends across the zone and 1s angularly discontinuous
with the timing field segment of an immediately adjacent
zone.

2. The apparatus of claim 1, wherein each timing field
segment 1s an arcuate segment defined by a virtual stroke path
of the transducer rotatable about a virtual pivot point, and
wherein the timing field segments are stepped to nominally
follow a mechanical stroke path of the transducer rotatable
about a mechanical pivot point.

3. The apparatus of claim 2, wherein a first radial distance
extends between the virtual pivot point and the virtual stroke
path, and a second, shorter radial distance extends between
the mechanical pivot point and the mechanical stroke path.

4. The apparatus of claim 3, wherein the substrate further
has a servo wedge which extends along and 1s nominally
aligned with the mechanical stroke path.

5. The apparatus of claim 1, further comprising an actuator
arm rotatable about a mechanical pivot point adjacent the
substrate, the actuator arm supporting the transducer at a
distal end thereotf, wherein a nonzero twist angle 1s applied to
the transducer as a rotational offset between a longitudinal
centerline of the transducer and a longitudinal centerline of
the actuator arm.

6. The apparatus of claim 5, wherein the transducer com-
prises a write element configured to write a bit sequence to the
rows of dots and a read sensor configured to sense the written
bit sequence, and wherein the twist angle provides a first
amount of skew to the write element and read sensor adjacent
an innermost diameter of the substrate, provides substantially
no skew to the write element and read sensor adjacent a
middle portion of the substrate, and provides an opposing
second amount of skew to the write element and read sensor
adjacent an outermost diameter of the substrate.

7. The apparatus of claim 1, characterized as a self-assem-
bling bit patterned medium.

8. The apparatus of claim 7, wherein the self-assembling
bit patterned medium comprises an array of alignment fea-
tures that direct a self-assembling material to form the rows of
dots, wherein the alignment features are angularly offset to
provide the angularly offset rows of dots.

9. The apparatus of claim 1, wherein the transducer forms
a portion ol an actuator assembly rotatable about a mechani-
cal pivot point and comprising an actuator arm which sup-
ports the transducer at a distal end thereof, the transducer
having respective read and write elements adapted to read
data from and write data to the rows of dots, the transducer
rotationally offset from a longitudinal centerline of the actua-
tor arm by a selected twist angle.
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10. The apparatus of claim 1, wherein the timing field
segment comprises adjacent rows of dots that are angularly
offset 1n relation to the angular offsets of the recording dots.

11. An apparatus comprising:

an actuator assembly rotatable about a mechanical pivot

point and comprising an actuator arm which supports a
transducer having respective read and write elements,
the transducer rotationally ofiset by a twist angle relative
to a longitudinal centerline of the actuator arm which
passes through the mechanical pivot point, wherein the
twist angle defines a virtual stroke path about a virtual
pivot point; and

a rotatable patterned medium adjacent the actuator assem-

bly and comprising a plurality of hypertracks arranged
into concentric zones, each hypertrack formed from at
least two immediately adjacent rows of spaced apart data
recording dots, each hypertrack being angularly offset
from an immediately adjacent hypertrack along a down-
track direction by an amount determined 1n relation to
the twist angle of the transducer and a skew angle of the
transducer, a first data recording dot of a first hypertrack
row not being physically centered between data record-
ing dots of second and third hypertrack rows.

12. The apparatus of claim 11, wherein each zone com-
prises an arcuate timing field segment that extends across the
radial width of the associated zone to provide timing infor-
mation to enable the writing of data to, and the reading of data
from, the hypertracks using the transducer, each timing field
segment having a radius established by the virtual pivot point
and aligned with the virtual stroke path, wherein the arcuate
timing field segments are discontinuous at zone boundaries
and are nominally aligned with a mechanical stroke path of
the transducer defined by rotation of the actuator assembly
about the mechanical p1vot point.

13. The apparatus of claim 11, wherein the medium further
comprises spaced-apart servo wedges that extend from an
innermost diameter (ID) of the medium to an outermost diam-
eter (OD) of the medium to provide servo control information
to position the transducer adjacent the hypertracks, wherein
the servo wedges are aligned along a mechanical stroke path
of the transducer defined by rotation of the actuator assembly
about the mechanical pivot point.

14. The apparatus of claim 11, wherein the patterned

medium 1s characterized as a self-assembled bit patterned
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medium 1in which alignment features direct a selt-assembling
material to form the rows of dots.

15. An apparatus comprising a bit patterned medium hav-
ing first and second hypertracks each comprising two offset
rows ol spaced apart data recording dots and angularly offset
from immediately adjacent hypertracks along a downtrack
direction, a first data recording dot of a first hypertrack row
not being physically centered between data recording dots of
second and third hypertrack rows, the hypertracks arranged
into concentric zones, each zone comprising an arcuate tim-
ing field segment to provide timing mnformation for writing
data to and reading data from the data recording dots, the
timing field segments discontinuous at zone boundaries and
arranged to nominally follow a mechanical stroke path of an
adjacent transducer.

16. The apparatus of claim 15, wherein each zone com-
prises a plurality of spaced apart arcuate timing field seg-
ments, and wherein the bit patterned medium further com-
prises a plurality of spaced apart arcuate servo wedges that
extend across the medium to provide servo positioning infor-
mation for the transducer, each arcuate servo wedge aligned
with the mechanical stroke path of the transducer.

17. The apparatus of claim 135, wherein the timing field
segments are phase coherent with the rows of dots 1n the
associated zones and nominally aligned with the mechanical
stroke path of the transducer.

18. The apparatus of claim 16, wherein the medium further
comprises a plurality of spaced apart servo wedges compris-
ing servo patterns used to control position of the transducer,
wherein each of the servo wedges spans an overall radial
width of the medium and i1s nominally aligned with the
mechanical stroke path of the transducer.

19. The apparatus of claim 15, wherein the timing field
segments are characterized as interspersed phase lock limited
(IPLL) fields.

20. The apparatus of claim 15, wherein the bit patterned
medium 1s a self-assembling medium comprising a plurality
of alignment features that direct a self-assembling material to
form the rows of spaced apart data recording dots, wherein
offsets are applied to the alignment features to provide the
corresponding angular ofisets of the rows of spaced apart data
recording dots.
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